The phosphorolysis of cellobiose was first demonstrated by Sih and McBee (1955a, b). These workers found that cellobiose phosphorylase was present in cell-free extracts of Clostridium thermocellum. Recently cellobiose phosphorylase has been reported from two other bacteria, Ruminococcus flavefaciens (Ayers, 1958 (Ayers, , 1959 , and Cellvibrio gilvus (Hulcher and King, 1958). This enzyme also catalyzes the synthesis of cellobiose froin a-D-glucose 1-phosphate and glucose (Sih, Nelson, and McBee, 1957; Ayers, 1959) .
The phosphorolysis of cellobiose was first demonstrated by Sih and McBee (1955a, b) . These workers found that cellobiose phosphorylase was present in cell-free extracts of Clostridium thermocellum. Recently cellobiose phosphorylase has been reported from two other bacteria, Ruminococcus flavefaciens (Ayers, 1958 (Ayers, , 1959 , and Cellvibrio gilvus (Hulcher and King, 1958) . This enzyme also catalyzes the synthesis of cellobiose froin a-D-glucose 1-phosphate and glucose (Sih, Nelson, and McBee, 1957; Ayers, 1959) .
In the present work, the stoichiometry of the reaction and the effect of physical and chemical agents on the activity of the enzyme were studied. Studies on the specificity of the enzyme revealed that D-glucose, D-xylose, L-xylose, 2-deoxyglucose, D-glucosamine, arsenate, and inorganic phosphate can act as substrates. Evidence has been obtained which indicates that the reaction proceeds by a single displacement mechanism. A preliminary report of this work has been published (Alexander, 1958) .
MATERIALS AND METHODS
Glucose 6-phosphate, a-glucose 1-phosphate, 2-deoxyglucose, D-ribose, D-gluconate, A-glueonolactone, N-acetylglucosamine, D-glucosamine, L-arabinose, and lactose were obtained from Nutritional Biochemicals Corporation. Cello Glucose oxidase was obtained from the Takamine  Company. C. thermocellum strain 651 was used in this work. The organism was grown in a modified medium of McBee (1948) containing the following percentage composition: NaCl 0.3; (NH4)2-SO4, 0.1; K2HPO4, 0.05; KH2PO4, 0.05; MgSO4. 7H20, 0.01; CaCl2 -2H20, 0.001; sodium thioglycolate, 0.02; yeast extract, 0.1; cellulose, 0.25; and NaHCO3, 0.5. To satisfy the anaerobic requirements of the organism, oxygen-free conditions were obtained by flushing the media with an inert gas (Hungate, 1950) . Approximately 1 g (wet weight) of cells per liter was obtained in this medium.
Cell-free extracts were prepared by grinding cells with glass beads in a Waring Blendor which was jacketed with an ice bath (Lamanna and Mallette, 1954) . About 15 to 30 g of wet cells, suspended in 7 to 15 ml of water, and 20 to 40 g of glass beads were ground in a blender for 15 to 30 min. After grinding, 20 to 40 ml of water were added. Mixing was resumed until an even suspension was obtained and then the material was centrifuged for 1 hr at approximately 6,000 X g. The supernatant fluid served as the crude enzyme.
The crude enzyme preparation was partially purified by (NH4)2S04 fractionation. To 8 ml of the crude preparation 3 ml of cold saturated (NH4)2S04 solution were added and this portion was allowed to stand 1 hr. After centrifugation at 6,000 X g for 1 hr the precipitate was discarded and 11 ml of saturated (NH4)2S04 solution were added to the supernatant. This portion was allowed to stand 1 hr and then it was centrifuged for 1 hr at 6,000 X g. The precipitate, containing cellobiose phosphorylase, was dissolved in water and diluted to 8 ml. This entire purification procedure was repeated two times. All steps in the purification were carried out at 5 C without adjusting the pH of the ammonium sulfate solution. Phosphoglucomutase, 903 ALEXANDER the only known interfering enzyme, was eliminated by this procedure (phosphoglucomutase activity was determined by measuring the disappearance in acid labile phosphate). Cellobiose or glucose 1-phosphatase activity could not be detected in either the crude or the purified preparations. Thus, the purified preparations could be used to study the cellobiose phosphorylase reaction in the absence of known interfering reactions. The purified enzyme preparations were used throughout this study.
The pH of the reaction mixtures was 7.0; the incubation temperature 37 C. The reaction mixtures were buffered with barbital-acetate buffer (Michaelis, 1931 Phosphate was determined by the method of Fiske and SubbaRow (1925) . Glucose 1-phosphate was estimated by measuring the increase in inorganic phosphate after hydrolysis in N HCI for 7 min at 100 C.
Glucose was determined manometrically as described by Keilin and Hartree (1948) . The crude glucose oxidase preparations used in the glucose determinations exhibited a small amount of f3-glucosidase activity. The error introduced in these determinations due to the hydrolysis of cellobiose was minimized by including two standards in each manometric analysis. One standard consisted of a known amount of glucose and the other contained glucose, cellobiose, glucose 1-phosphate, and phosphate in approximately the same amounts as the unknown sample.
Cellobiose was hydrolyzed with ,3-glucosidase and the increase in free glucose was determined manometrically. An active ,B-glucosidase was precipitated from the crude glucose oxidase preparation with 50% acetone in the cold (a heat stable g-glucosidase inhibitor was recovered in the supernatant). The acetone-precipitated preparations retained glucose oxidase activity and hydrolyzed cellobiose about five times as fast as did the crude preparations. The hydrolysis of cellobiose proceeded at a slower rate than the oxidation of glucose. Extending the determination period to 3 to 4 hr, however, permitted complete hydrolysis of cellobiose. Standards similar to those described above were included in each analysis.
Chromatography of sugars was carried out in the manner described by Sih et al. (1957) . The amount of protein in the enzyme preparations was estimated by biuret method of Levin and Brauer (1951) .
RESULTS
Stoichiometry and equilibrium of reaction. When cellobiose phosphorylase was incubated with cellobiose and phosphate, equimolar quantities of glucose and glucose 1-phosphate were formed ( Table 1 ). The molar quantities of glucose and glucose 1-phosphate formed were approximately equal to the amounts of cellobiose and phosphate Cellobiose ..... 15.0 10.4 0 5.9 7.5 7.5 Phosphate .. . 10.0 6.1 1.1 6.9 7.5 7.8 Glucose 1-phosphate ... 0 3.9 7.6 1.8 1.9 1.9 Glucose ....... 0 4.2 10.0 4.5 7.5 7.5 K 3.9 5.0 4.4
The reaction mixtures were incubated at 37 C. The pH of the reaction mixtures was 7.0. In experiment no. 1, the reaction mixture contained 4.0 ml enzyme (28 mg protein), 1.2 ml 0.1 M cellobiose, 0.8 ml 0.1 M phosphate, 2.0 ml 0.03 M barbital-acetate buffer, and was incubated for 80 min. In experiment no. 2, the reaction mixture contained 2.0 ml enzyme (20 mg protein), 0.8 ml 0.076 M glucose 1-phosphate, 0.8 ml 0.1 M glucose, 4.0 ml 0.03 M barbital-acetate buffer, 0.4 ml water, and was incubated for 75 min. In experiment no. 3, the reaction mixture contained 1.0 ml enzyme (10 mg protein), 0.6 ml 0.1 M cellobiose, 0.6 ml 0.1 M phosphate, 0.2 ml 0.076 M glucose 1-phosphate, 0.6 ml 0.1 M glucose, 1.0 ml 0.03 M barbitalacetate buffer, 4.0 ml water, and was incubated for 30 min. The reaction mixtures were incubated at 37 C for 1 hr. Each of the reaction mixtures contained 0.5 ml enzyme (4 mg protein), 0.3 ml 0.1 M cellobiose, 0.2 ml 0.1 M phosphate, 0.2 ml 0.03 M barbital-acetate buffer. The total volume was made up to 2.0 ml with water, cysteine (0.02 ml (0.1 M) or 0.2 ml (0.001 M)), or inhibitor. The amounts of the various inhibitors added were: 0.2 or 0.4 ml 1 X 10-4 M p-chloromercuribenzoate; 0.2 ml 0.001 M AgNO3; 0.2, 0.4, or 0.8 ml 0.0125 M phlorizin; and 0.4 or 0.8 ml 0.5 M NaF. The reaction mixtures were incubated for 20 min at 37 C. The reaction mixtures contained 0.2 ml enzyme (3 mg protein); 0.075, 0.15, or 0.3 ml 0.1 M cellobiose; 0.075 ml 0.1 M phosphate; 0.075 or 0.15 ml 0.1 M glucose; 0.075 ml 0.01 M ethylenediamine-tetraacetic acid (EDTA), and were diluted to 1.0 ml with water. EDTA was used in certain experiments after it was learned that the enzyme was sensitive to sulfhydryl reagents. Since no increased activity was observed with EDTA, it was omitted from some of the experiments.
Inhibitors. Cellobiose phosphorylase activity was completely inhibited by 2 X 10-5 M pchloromercuribenzoate, whereas 1 X 10-5 M p-chloromercuribenzoate caused about 40% inhibition ( Table 2 ). The inhibition could be partially reversed by 1 X 10-4 M cysteine. Silver nitrate (1 X 10-4 M) also inhibited cellobiose phosphorylase activity. This inhibition was completely reversed by 1 X 102 M cysteine. These data suggest that the enzyme has an essential sulfhydryl group.
Inhibition of cellobiose phosphorylase by phlorizin was directly proportional to the concentration of phlorizin between 0.00125 and 0.005 M. About 20% of the activity is inhibited by 0.1 M NaF, whereas 0.2 M NaF almost completely inhibited activity. The reaction mixtures contained 0.5 ml enzyme (6 to 8 mg protein) 0.3 ml 0.1 M monosaccharide, 0.2 ml 0.076 M glucose 1-phosphate, 0.2 ml 0.01 M EDTA, and 0.8 ml water.
saccharides are synthesized according to reactions 1 to 5 (see below).
The identity of these compounds has not been proved. The argument for suggesting a 3-1,2-glucosidic linkage in the L-xylose-containing disaccharide is presented below.
Paper chromatograms of the reaction mixtures containing D-xylose or L-xylose likewise suggest that pentose-containing disaccharides had been synthesized (Fig. 1) . After the chromatograms were dipped into an aniline-phthalic acid color developer and allowed to stand at room temperature, red spots developed at the positions of the pentoses and the presumed pentose-containing disaccharides, but no color was present in the cellobiose position. Cellobiose did not develop a color until after the chromatograms were heated. The color of the pentoses and pentosecontaining disaccharides turned reddish-brown upon heating, in contrast to the plain brown color of cellobiose. No attempts were made to obtain chromatographic separation of the disaccharides synthesized with D-glucosamine or 2-deoxyglucose.
No significant amount of phosphate was liberated when cellobiose phosphorylase was incubated with glucose 1-phosphate and Dgluconate, D-glucuronate, D-glucose 6-phosphate, D-ribose, D-sorbitol, 6-gluconolactone, N-acetylglucosamine, L-arabinose, L-fructose, D-galactose, or D-mannose (Table 4) . These compounds apparently are unable to act as glucosyl acceptors.
Phosphorolysis of disaccharides. Cellobiosephosphorylase was unable to catalyze the phosphorolysis of gentiobiose, salicin, lactose, or maltose, for no significant amount of phosphate disappeared when the enzyme was incubated with phosphate and these sugars. In contrast to the results with these sugars, relatively large amounts of phosphate disappeared when the enzyme was incubated with cellobiose and phosphate. The enzyme presumably would f-D-Glucose 1-phosphate. The synthesis of cellobiose from a-glucose 1-phosphate and glucose with cellobiose phosphorylase suggested that an inversion occurred in the reaction (Sih et al., 1957; Ayers, 1959) . The occurrence of an inversion is further supported by the finding that the enzyme is specific for a-glucose 1-phosphate and it is unable to act on ,8-glucose 1-phosphate as shown in Table 5 .
Arsenolysis of cellobiose. Arsenate is able to substitute for phosphate in the reaction resulting in the arsenolysis of cellobiose. When the enzyme was incubated with 100 ,umoles of cellobiose and 10 ,umoles of arsenate, nearly 46 ,umoles of glucose were formed (Table 6 ). Since the amount of glucose formed was more than 4 times as great as the amount of arsenate present, it is apparent that the enzyme catalyzed the arsenolysis of cellobiose.
Mechanism of the reaction. The occurrence of an inversion in both the cellobiose and maltose phosphorylase (Fitting and Doudoroff, 1952) reactions suggests that the mechanism of these reactions is similar. Additional information on the mechanism of the cellobiose phosphorylase reaction is shown in the following experiments.
An experiment was designed to determine the ability of cellobiose phosphorylase to catalyze the exchange between glucose 1-phosphate and arsenate. If this exchange occurred, glucose 1-arsenate would be formed and this product would be expected to undergo spontaneous decomposition, resulting in the formation of free glucose and arsenate. No significant amount of free glucose was formed when the enzyme was incubated with glucose 1-phosphate and arsenate The reaction mixtures contained 0.15 ml enzyme (2 mg protein), 0.2 ml 0.1 M glucose, 0.08 ml 0.075 M a-glucose 1-phosphate or 0.6 ml 0.01 M ,B-glucose 1-phosphate, 0.05 ml 0.14 M barbitalacetate buffer and were diluted to 1.0 ml with water. Reaction mixtures 1, 2, and 3 contained 1.0 ml 0.1 M cellobiose; reaction mixtures 2 and 5 contained 0.1 ml 0.1 M arsenate; reaction mixture 3 contained 0.1 ml 0.1 M phosphate; reaction mixtures 4 and 5 contained 1.0 ml 0.076 M glucose 1-phosphate; each reaction mixture contained 0.5 ml enzyme (5 mg protein) and 0.4 ml of 0.03 M barbital-acetate buffer (total volume 2.0 ml). The reaction mixtures were buffered with barbital-acetate buffer.
* In reaction mixtures 1, 2, and 3, glucose was determined manometrically. In reaction mixtures 4 and 5, glucose was determined by the method of Saifer, Valenstein, and Hughes (1941) . (Table 6 ). It has been shown that arsenate is able to substitute for phosphate in the decomposition of cellobiose. Therefore, it might be inferred that the exchange between glucose 1-phosphate and phosphate does not occur because the exchange between glucose 1-phosphate and arsenate does not occur. As a control, another reaction mixture was included in this experiment which differed from the above in that it contained a small amount of phosphate. The following reactions were expected to occur in this reaction mixture: 
DISCUSSION
Thermodynamic considerations. On the basis of the equilibrium constant of the cellobiose phosphorylase reaction the free energy change for the synthesis of cellobiose from glucose and glucose 1-phosphate is about -900 cal. The free energy of hydrolysis of cellobiose is estimated to be -3,900 cal.
The equilibrium of the maltose phosphorylase reaction (Fitting and Doudoroff, 1952) appears to be identical to the equilibrium of the cellobiose phosphorylase reaction. From the equilibrium of the maltose phosphorylase reaction the free energy of hydrolysis of maltose has been estimated to be about -4,000 cal (Kalckar, 1954) . For this value the energy of ,B-glucose 1-phosphate, the product of maltose phosphorolysis, was assumed to be nearly the same as the energy of a-glucose 1-phosphate. This assumption Specificity of cellobiose phosphorylase. The ability of cellobiose phosphorylase to catalyze the condensation of glucose 1-phosphate with D-glucose, D-xylose, 2-deoxyglucose, or glucosamine can be explained by assuming that the enzyme is relatively nonspecific for the C-2 and C-5 groups of these substrates. It seems reasonable to assume further that these compounds are attached to a glucosyl radical through a f3-1, 4-glucosidic linkage as in cellobiose. On the basis of these assumptions, certain interpretations can be made with regard to the specificity of cellobiose phosphorylase. The H and OH groups of C-2 cannot be reversed because mannose did not react. However, 2-deoxyglucose did react, although the reaction was not as rapid as with glucose. Thus, the OH group cannot replace the H group of C-2, but the OH group of C-2 can be replaced by H. Likewise, this OH group can be replaced by NH2 for glucosamine was able to react. The lack of specificity at this position is limited, however, for the OH group could not be replaced by the acetylamine group of N-acetylglucosamine.
The inability of D-ribose to act as a glucosyl acceptor suggests that the H and OH groups attached to C-3 cannot be reversed. Likewise, the position of the H and OH groups attached to C-4 cannot be reversed for D-galactose did not react.
The ability of both D-glucose and D-xylose to react indicates that CH20H group can be replaced by an H group. Therefore, the enzyme appears to be somewhat nonspecific for the groups attached to C-5.
In view of these specific requirements of the enzyme, it was surprising to find that L-xylose was able to act as a glucosyl acceptor. L-Xylose would not be expected to combine with a glucosyl group through C-4 because the H and OH groups on C-2, C-3, and C-4 would be reversed from the position in which they occur in other compounds which react. If, however, L-xylose were to attach to the glucosyl group through C-2 in such a way that C-4 of L-xylose would occupy the same position as C-2 of glucose, then the sequence of H and OH groups in L-xylose would be the same as in D-glucose. Thus, on the basis of these data a 3-1,2-glucosidic linkage in the Lxylose-containing disaccharide would seem possible.
Mechanism of reaction. The occurrence of an inversion in the cellobiose phosphorylase reaction and the inability of the enzyme to catalyze the exchange between either cellobiose and D-xylose or glucose 1-phosphate and arsenate indicates a single displacement mechanism for the reaction as described by Koshland (1954a, b ). Koshland's discussion of the mechanism of the maltose phosphorylase reaction apparently can be extended to the cellobiose phosphorylase reaction.
The only significant difference in maltose and cellobiose phosphorylase appears to be the specificity for the configuration of the glucosidic and phosphoglucose bonds. That the active surface of the two enzymes is similar is suggested by the similarity in specificity for various substrates. D-glucose, D-xylose, phosphate, and arsenate were able to act as substrates for both enzymes, whereas D-mannose-, D-ribose, Dgalactose, L-arabinose, and D-gluconate were inactive (Fitting and Doudoroff, 1952) . It seems possible that the active surface of cellobiose phosphorylase is essentially a mirror image of the surface of maltose phosphorylase.
